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Groundwater resources have become seriously threatened
due to improper use by industrial, municipal, and even public
sectors.Widespread contamination of aquifer systems has
jeopardized human health and the environment and methods for
restoring these systems are needed.Biological and chemical
in situ remediation, where contaminants are degraded within
the natural system, has become the foremost technique for
cleaningupaffectedsites. However,beforeinsitu
remediationcanbeimplemented,studiesofthesites'
physical, chemical, and biological characterisitics must be
done.
Physical aquifer models (PAM's) were constructed for use
in evaluating groundwater remediation strategies in porous
media.The PAM's offer a unique approach for work of this
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conducting large-scale transport experiments under controlled
conditions, and maintaining geometric, dynamic, and reactive
similitude.The PAM's consist of aluminum reactors, 4.00 m
(length) x 2.00 m (width) x 0.20 m (height), supported by a
steel framework.Reservoirs at each end of the reactor
permit adjustment of hydraulic gradient across its length.
An array of 40 fully-penetrating wells allows versatility in
sampling, injection, or extraction of solutes.Experiments
can be performed under confined or unconfined, steady-state
or transient conditions where temperature,pressure,and
hydraulic gradient can be controlled.
Plumbing design,well design, sampling protocol, and
media-packing procedure were developed and tested in dye and
bromide tracer experiments.The results of dye experiments
in a water-filled PAM demonstrated the effectiveness of the
inlet and outlet port design and construction of the wells.
This was evident through control of a symmetrical plume that
developed withinauniform flowfield. Protocolsfor
sampling, injection, and extraction using the well array were
also effective based on observed dye plume development and
bromide concentration contour plots.A new approach for
packing sand was used to create a statistically equivalent
homogeneous and isotropic porous media.Results of bromide
tracerexperimentsindicatethatthisconditionof
homogeneity and isotropy was achieved.
ThePAM'sworkedwellforcreatingthedesiredexperimental conditions needed for studying transport of
solutes(non-reactiveinthiscase)inporousmedia.
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expand more of their capabilities(e.g.transientflow,
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INTRODUCTION
Groundwater contamination has become an increasingly
commonoccurrenceoverthe pastthree decadesand has
generated muchconcernoverthefutureofgroundwater
resources. This has prompted local,state,and federal
governments to address this widespread problem.As a result,
many regulatory laws have been enacted, new agencies created,
and changes in industrial and municipal practices have taken
place(Fort,1991).Many of the pollutants present in a
contaminated groundwater system pose a serious threat to
human health and methods for remediating an affected site are
needed.One such method is in situ cleanup, where a site is
remediated in place as opposed to excavation of the affected
material followed by later treatment.
Many types of in situ treatment have been developed and
demonstrated in the field with limited success.An in-depth
literaturesurveybyPorzucek (1989)discussedthe
feasibility of in situ cleanup of contaminated aquifers using
surfactants.It was concluded that this method of cleanup
was expensive and very risky due to unexpected changes in
temperature, salinity, surfactant concentration, and other2
sensitivevariables. Forsurfactanttechnologytobe
effective,itwasrecommended thatextensivelaboratory
studies first be performed to characterize the contaminated
system, only sites with favorable physical properties of the
media (e.g. high hydraulic conductivity, low organic carbon
content, homogeneity, etc.) be targeted, and the method be
used in conjunction with additional remediation plans.
Contaminated sites can be unique regarding behavior of
the pollutant(s), geologic setting, biological and chemical
activities, and other factors, and hence it is in general
difficult to design an effective remediation plan.In situ
bioremediation processes observed in the field are very hard
to quantify due mainly to spatial and temporal variability of
the aquifer.Existing remediation techniques may require
longperiodsoftimetocomplete. Newremediation
technologies are needed to overcome these disadvantages and
evaluation of a new remediation process typically begins in
the laboratory.
Physical aquifer models (PAM's) are needed to study flow
andtransportofreactivesolutesintwo-andthree-
dimensional fields under controlled experimental conditions.
Remediation strategies developed in the laboratory with PAM's
shouldenhanceunderstandingofphysicalandchemical
transport processes of reactive solutes and interaction of
the solute with degrading microorganisms.Results obtained
fromthesestudiesshouldincreasethesuccessof
contaminated aquifer remediation.A main objective of this3
research is to develop PAM's for use in evaluating alternate
remediation technologies.Experimental protocols have been
developedusingnon-reactivesolutesandtheprotocol
effectiveness for a variety of flow and transport conditions
was tested.4
LITERATURE REVIEW
Acommonlaboratorytechniqueforthestudyof
contaminant degradation or sorption kinetics is the batch
reactor.This involves reacting known masses of contaminant
and soil(or other media)with or without microorganisms
present and measuring reactant loss or product gain (Westall
et al., 1985; Lagas, 1988).Since the reactors represent a
closed system, accurate mass balances can be performed for
the reactants and products. Advantages of batch reactors are
many and include low cost,ease of replication,a closed
system, small volume, and the ability to achieve equilibrium
rapidly.Disadvantages arise from uncertainty associated
withtransferofthederivedkineticparameters(e.g.
distribution coefficient,half-velocity,maximum rate of
substrate utilization)to field conditions. Relationships
between degradation kinetics and transport processes such as
advection, dispersion, and diffusion also cannot be examined
using batch reactors.
Columnexperimentsareanothercommonlaboratory
technique for the study of fate and transport of chemical and
biological reactants.Columns are typically prepared by
packing soil or aquifer material into cylinders made from
glass or plastic(0'Connor et al.,1976; Hutzler et al.,
1986;Alemietal.,1988). Alternatively,undisturbed
samples such ascore specimens may be used(Barker and
Patrick, 1987).5
In a column experiment, a contaminant or tracer solution
ofknownconcentrationisinjectedattheinletend.
Effluent concentrations are then monitored through time.
Experimentswithconservativetracers (e.g.bromide,
chloride,orrhodamineWT)canbeusedtodetermine
dispersivity and mobile water fraction while experiments with
reacting solutescan be used to determine distribution
coefficients and retardation factors.Contaminant kinetic
parameters can be determined from effluent concentrations and
a mass balance of products and reactants (Kuhn et al., 1985;
Bouwer and McCarty,1984).A major advantage of column
experiments is that the results are more representative of
field conditions than those obtained by batch reactors.This
is due to preservation (to some degree) of the structure of
the porous media. Another important advantageisthat
interactionsbetweenreactionkineticsandtransport
processes of advection,dispersion,and diffusion can be
examined. Disadvantages are that flow conditions are limited
to one dimension,retention times are small,and column
dimensions are usually small (e.g. in the range of 10 cm in
diameter by 30 cm in length).Small column sizes also makes
it difficult to represent large-scale heterogeneities that
may be present in the field.
Field experiments are also used tostudy fate and
transport processes in situ (Jackson et al., 1985, Johnson et
al.,1985, Chiang, et al.,1989; Madsen et al.,1991).A
notable exampleisthe Borden tracer experiment,which6
addressed the movement of two nonreactive tracers and five
volatileorganiccompoundsinashallowsandaquifer
(Freyberg, 1986).Main advantages are that results from such
experiments provide valuable data on contaminant behavior in
natural, relatively undisturbed environments.
Interrelationships between large-scale physical transport
processes and small-scale chemical and biological processes
can be studied.Field experiments are considerably more
complex than those conducted in a laboratory due to spatial
andtemporalvariabilityoftheaquifers'physical
properties, and chemical and biological activities.These
variabilities introduce uncertainties when attempting to
describe and model behavior of a contaminated site. In
addition, the system is open and presents difficulties in
mass balance calculations. Reliance on computer modelling is
often required to support mass balance estimates and may be
the only way to characterize a contaminated site.Generally,
transport codes developed in a model do not apply to new
remediation technologies. Other disadvantagesare that
replicate experiments cannot be conducted and possible health
risks due to failure of a new experimental technique.
Theforegoingdiscussionsuggeststhatitmaybe
imposssible to demonstrate the effectiveness of remedial
strategies using batch reactors, column reactors, or field
studies.New experimental systems are needed to overcome
these disadvantages.Ideally, such a system should meet the
following criteria:7
1)Closed system comprised of large reactor with inert
components
2)Controlled conditions (pressure, temperature, flow, etc.)
3)Large transport scales
4)Long residence times
5)Two- or three-dimensional flow fields
6)Geometric, dynamic, and reactive similitude with wide
range of field conditions
7)Ability to adjust and control flow conditions
8)Ability to measure concentrations at many locations
9)Allow replicate analyses
Physical aquifer models have been developed in an attempt to
satisfy these requirements.A PAM can be defined asa
reactor, containing a known volume of aquifer material packed
in a specified manner, equipped to simulate flow conditions
in the field.
A closed system permits calculation of accurate mass
balances so the effectiveness of remediation techniques can
be evaluated.Inertness of the system ensures that reactant
or productlossduetosorption on the reactor walls,
plumbing,sampling equipment,and related componentsis
insignificant. Controlledexperimentalconditionsof
temperature,pressure,hydraulicgradient,contaminant
injection rate,and microbial populations are needed to
simulate a wide variety of situations that may exist in the
field.8
Numerous physical aquifer models have been constructed
to study various solute transport processes.Large-scale
systems offer many advantages over traditional batch and
column tests.Among them are elimination of boundary effects
of the reactor walls (by providing a high porous media volume
to wall surface area ratio), capability for two- and three-
dimensional flow and transport, and long transport times.
Longresidencetimesmaybeneededtoestablish
equilibriumbetweensoluteandsorbent,especiallyin
studying sorption/desorption phenomena.Depending on the
type and number of reactions involved, achieving equilibrium
may require several weeks (Karickhoff, 1979).Two- or three-
dimensional systems allow chemical transport to occur in the
horizontal and vertical directions,and can emulate flow
conditions encountered in the field.Geometric similitude of
the reactor (proportional dimensions of length, width, and
depth)is necessary to reflect aquifer attributes in the
field. Dynamicsimilarityisrequiredtoreflect
proportionalgroundwaterflowvelocities,dispersion
coefficients, and rates of reaction that are observed in the
field.Another important feature of large-scale models is
that complex aquifer systems can be studied.Layered aquifer
systems,sloping materialinterfaces,and heterogeneous
hydraulic properties are a few examples of systems that have
been studied in PAM's (Stauffer, et al., 1986; Nieber et al.,
1981; Starr, et al., 1985) .
Flexibilityisakey necessityofanylarge-scale9
experimental system. Prescribed inlet/outlet conditions
(e.g. hydraulic gradient) are required and must be adjustable
to account for variations in flow velocities.The capability
for introducing fluids at arbitrary locations is needed to
simulate multiple injection and extraction wells used in many
field situations. A network of monitoring wells is essential
to permit measurement of solute concentrations.The ability
to simulate confined or unconfined aquifer conditions is also
desirable.Accurate replicate experimentation is another
unique feature that PAM's can offer, something which cannot
be conducted in the field.
Previous PAM research has primarily involved the study
ofsolutetransportparametersinporousmediausing
conservative tracers such as bromide or chloride (Table 1)
(Grisak, et al., 1980; Silliman, et al., 1987; Starr et al.,
1985). Resultsfromtheseexperimentalsystemshave
typicallybeenusedtocalibrateorvalidateproposed
mathematical models.For example,Sudicky et al.(1985)
investigatedthebehaviorofanonreactivesolutein
stratified porous media using a PAM.Effluent concentrations
measured in the physical model and concentrations simulated
usinganadvection-diffusion based modelwereinclose
agreement. Starretal. (1985)showedthatlarge
discrepanciesexistedbetweenmeasuredandpredicted
concentrations for a reactive solute (particularly at low
velocities) using a PAM.Retardation processes notTable 1.Prior Studies Using Large-Scale Physical Aquifer Model
MATERIALS DIMENSIONS FLOW HOMOGENEOUS SOLUTE MEDIA PACKING Kh POROSITYAUTHOR/YEAR
1wd CONDITIONS* AND METHOD (m/d)
(m) ISOTROPIC
Plexiglas 1.80 x 0.10 x 1.40 2D, SS, U, H Yea 011 Sand Blended Layering 1.44 E-01 0.40 Abdul, 1992
to
2.88 E-01
Concrete 9.00 x 9.00 x 3.00 3D, SS, U, C, H Yes Organics Sand, gravel, Layering 4.32 E+03 0.35 Johnson, 1992
clay to to
4.32 E+01 0.37
Concrete 9.00 x 20.00 x 5.00 3D, SS, U, H Yes Organics Sand, gravel, Layering 4.32 E+03 0.35 Johnson, 1992
Gasoline clay to to
4.32 E+01 0.37
Concrete 4.93 x 1.00 x 2.10 ID, SS, U, V Yes Soil 3.80 E-02 0.43 Pandey, et al., 1992
Glass 2.00 x 0.10 x 1.60 2D, SS, T, U, V No Dye Sand Free-fall through sieves 8.64 E+02 0.40 Selker, et al., 1991
Plexiglas 0.65 x 0.02 x 0.03 3D, SS, T, U, V Yes(I); No(2) Glass Beads 3.46 E+01 0.28 Baseghi & nese', 1990
to to
1.05 E+02 0.45
D, Dimensions; SS, Steady State; T, Transient; U, Unconfined; C, Confined; H, Horizontal; V, Vertical; S, SlopedTable 1.Prior Studies Using Large-Scale Physical Aquifer Models (cont.)
MATERIALS DIMENSIONS FLOW HOMOGENEOUS SOLUTE MEDIA PACKING Kh POROSITY AUTHOR/YEAR
I-wd CONDITIONS* AND METHOD (m/d)
(m) ISOTROPIC
4.88 x 1.22 x 1.22 2D, SS, U, H No Sand Lindstrom & Boersma, 1990
Plexiglas 1.17 x 0.71 x 0.05 2D, SS, U, H Yes(1); No(2) NaCI
Rhodamine
Glass Beads 1.60 E+00
to
0.38Schincariol & Schwartz, 1990
2.59 E+02
Plexiglas 0.51 x 0.01 x 1.40 2D, SS, U, V Yes Blue Dye Sand Drop impact hammer 0.42 Glass, et al., 1989
Plexiglas 3.00 x 0.30 x 2.00 2D, SS, U, V Yes NaCI Sandy loam soil Layering 5.51 E.02 0.48 Jinzhong, 1988
Plexiglas 1.72 x 0.58 x 0.02 2D, SS, C, H Yes CsCI Hull, et al., 1987
Glass 2.80 x 0.58 x 0.60 2D, SS, U, V Yes NAPL Sand Layering w/ cart & funnel 3.80 E+01 0.43 Schiegg & McBride, 1987
D, Dimensions; SS, Steady State; T, Transient; U, Unconfined; C, Confined; H, Horizontal; V, Vertical; S, SlopedTable 1.Prior Studies Using Large-Scale Physical Aquifer Models (cont.)
MATERIALS DIMENSIONS FLOW HOMOGENEOUS SOLUTE MEDIA PACKING Kh POROSITY AUTHOR/YEAR
I-w-d CONDITIONS* AND METHOD (m/d)
(m) ISOTROPIC
Plexiglas 0.30 x 0.30 x 0.30 2D, SS, C, H Yes(1); No(4) NaCI Sand Layering while saturated 1.47 E+01 Silliman, et al., 1987
2.44 x 0.10 x 1.07 2D, SS, U, V Yes(1); No(3) NaCI Sand
to
5.79 E+01
3.60 E+00 0.41 Silliman & Simpson, 1987
Plexiglas, NI-steel 4.80 x 0.05 x 1.40 2D, T, U, V No NaCI Sand layers Free fail through sieves 1.99 E+01 0.38 Staufter & Dracos, 1986
to
6.31 E+01
Concrete 3.00 x 3.00 x 0.05 2D, SS, U, H Yes Gasoline Sand 1.60 E-01 0.34 Amer. Petrol. Inst., 1985
to
3.20 E-01
Acrylic 1.76 x 030 x 0.08 2D, SS, U, V Yes KCI Sand Layering 5.45 E+01 0.48 Mansell, et al., 1985
Plexiglas 1.00 x 0.10 x 0.20 ID, SS, U, V No NaCI Silt-Sand-Silt Layering 2.00 E+01 0.33 Sudicky, et al., 1985
to
5.18 E-03
D, Dimensions; SS, Steady State; T, Transient; U, Unconfined; C, Confined; H, Horizontal; V, Vertical; S, SlopedTable 1.Prior Studies Using Large-Scale Physical Aquifer Models (cont.)
MATERIALS DIMENSIONS FLOW HOMOGENEOUS SOLUTE MEDIA PACKING Kh POROSITY AUTHOR/YEAR
I - w -d CONDITIONS" AND METHOD (m/d)
(m) ISOTROPIC
Plexiglas 0.20 x 0.10 x 0.10 ID, SS, U, V No Br, "S r Silt-Sand-Silt Layering 2.90 E-01 0.33 Starr, at al., 1985
Acrylic, steel 6.02 x 0.14 a 0.70 2D, SS, U, H Yes Ned Sand Layering while saturated 1.33 E+03 0.52 Guvansen&Volker, 1983
to
2.31 E+03
Plexiglas 3.66 x 0.11 x 0.58 2D, SS, U, S Yes Sand/silt Layering w/ vibration 3.02 E+00 0.38 Nieber & Walter, 1981
to
0.45
Steel 0.65 (diam) x 0.76 (d)ID, SS, U, V No Ca, Sr, CI Clay loam till In place excavation 5.18 E-06 0.03 °Hulk, et al., 1980
Perspex 3.00 x 0.05 x 2.00 2D, T, U, V Yea Sand 8.40 E+00 0.41 Vauchlin, et al., 1979
9.10 x 0.76 x 1.20 2D, T, U, V Yes Sand 1.82 E+01 0.39 Tang & Skaggs, 1977
D, Dimensions; SS, Steady State; T, Transient; U, Unconfined; C, Confined; H, Horizontal; V, Vertical; S, SlopedTable 1.Prior Studies Using Large-Scale Physical Aquifer Models (cont.)
MATERIALS DIMENSIONS FLOW HOMOGENEOUS SOLUTE MEDIA PACKING Kh POROSITYAUTHOR/YEAR
1wd CONDITIONS' AND METHOD (m/d)
(m) ISOTROPIC
Steel
Lucite
Plexiglas
7.01 x 1.49 x 1.83 ID, T, U, V Yes Sand
3.05 x 0.08 x 0.15 21), SS, C, H Yes Salt Solution Sand
2.44 (radius) x
0.08 (depth)x 150
angle sector tank
2D, SS, C, H Yes Salt Solution Glass Beads
1.36 E+01 Luthin, et at., 1975
8.64 E+01 0.35 Gelhar, et al., 1972
3.72 E+02 0.34 Gelhar et al., 1972
* D, Dimensions; SS, Steady State; T, Transient; U, Unconfined; C, Confined; H, Horizontal; V, Vertical; S, Sloped15
adequately represented in the model were suggested as reasons
for the inconsistencies.
Of fundamental importance in conducting large-scale studies
such as these is employing a packing method for the porous
media that is consistent and reproducible.Many different
packingmethodshavebeendevelopedtosatisfythese
requirements. SchieggandMcBride(1987)employeda
mechanical funnel which passed back and forth over a tank
2.80 m long and 0.58 m wide.Sand grains were allowed to
free fall through the funnel until a depth of 0.60 m was
achieved.A mean porosity of 0.428 0.003 was reported.
Mechanical vibration was used by Nieber and Walter (1981) to
pack wetted sand in 0.03 m lifts into a 3.6 m long tank.
Glass etal.(1989)reported using a drop-impact hammer
packing method to obtain a layered homogenous sand.Other
common methods of packing have been deposition of the media
under saturated conditions (Silliman et al., 1987; Guvansen
and Volker, 1983) and free fall through a series
(Stauffer and Dracos, 1985).
Flow conditions in most large-scale PAM's have been
restricted to two dimensions (Table 1).A three-dimensional
model was developed by Baseghi and Desai (1990) for modeling
water seepage under dams.Several one-dimensional systems
have also been constructed (Sudicky et al., 1985; Starr et
al.,1985;Grisaketal.,1980;Luthinetal.,1975).
Steady-state flow in an unconfined system is also a common
choice for physical aquifer systems.Solute movement through
of sieves16
most PAM's is horizontal or vertical although Nieber and
Walter (1980) used a sloping rectangular tank to study two-
dimensional flow in a vertical cross-section.17
METHODS
Description of the Physical Aquifer Model
The physical aquifer model consists of a rectangular
aluminum tank with internal dimensions of 4.00 m (length) x
2.00 m (width)x 0.20 m (depth)(Figure 1).The tank is
constructed of 6.3 mm thick grade 5086-H113 aluminum and is
supported by a steel framework(Figures 2a&2b). The
aluminum alloy was selected for its resistance to corrosion
against a variety of chemicals (Oberg, et al., 1988).The
aluminum tank is attached to the supporting frame along the
sides and bottom using 6.4 mm (diameter) x 25.4 mm (length)
stainless steel bolts, the heads of which are countersunk
flush with the tank bottom.The base of the tank is elevated
102cm above the laboratory floor to provide access to
sampling ports.Adjustable pads located at each support are
used to level the base of the reactor.Two reservoirs with
inside dimensions of 0.09 m (length) x 2.00 m (width) x 0.20
m (depth) are located at each end of the tank and are used to
establish a known hydraulic gradient across the length of the
tank.Two aluminum plates, each perforated with 420 holes
6.3 mm in diameter, separate the reservoirs from the tank
interior.The plates are covered with a stainless steel, 100
mesh screen to prevent intrusion of the aquifer material into
the reservoirs.Four 1.9 cm diameter ports are installed in
the outer wall of each reservoir.The inlet reservoir is
connected to a water supply line through two of the valved1.28
/111/410m1/2.-
0 .I 0
4.00
Lid
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O
Reservoir
Inlet/Outlet port
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Figure 1.Dimensional Sketch of the Physical Aquifer Model
(Dimensions in Meters)Figure 2a.The Physical Aquifer Model Side ViewFigure 2b.The Physical Aquifer Model End View21
portsandwaterheight iscontrolledthrough a
standpipe/overflow system (Figure 3).The outlet reservoir
also has a standpipe/overflow system to regulate water height
(Figure 4).Water levels in the reservoirs can be adjusted
toachieve hydraulicgradients between0and0.03 m/m
(unconfined system) and 0 and 1.00 m/m (confined system).
The baseofthetankwasdrilled and tappedfor
emplacement of fully-penetrating wells (Figure 5), which are
used for sampling and solute injection and extraction.An
array of 40 wells create a five by eight grid within the PAM
(Figure 6).The wells are made from Schedule 40 aluminum
tubing (9.5 mm in diameter), are 25.4 cm long, and extend
below the bottom of the tank.The lower 5 cm of each well
are threaded for 3.2 mm NPT (National Pipe Thread) acceptance
and sealed with an anaerobic Teflon tetrafluoroethylene (TFE)
pipe thread compound (Cajon Company, Macedonia, OH).Brass
street tee fittings are connected to the ends of each well
and permit the attachment of pressure transducers, sampling
equipment,and pumps.The upper 20 cm of the wells are
slottedtopermitpassageofwater. A totalof15
rectangular slots 4.0 mm wide and 4.8 mm deep (half of the
tubing diameter), are cut into the tubing on opposite sides
and staggered vertically.The percent open area created by
the slots over the upper 20 cm of the wells' length is 30%.
Stainless steel wire cloth (100 mesh) encases all wells to
prevent aquifer material intrusion; a Teflon cap seals the
top end of each well.Figure 3.Inlet Reservoir PlumbingFigure 4.Outlet Reservoir PlumbingFigure 5.Injection/Extraction Well5 10 15 20 r,- 25 30 35 40
Wells
'N'''" 4 9 14 19 24 29 34 39
3 13 18 23 28 33 38
2 7 12 17 22 27 32 37
1 6 11 16 21 26 31 36
0 0,5
Meters
1.0
Figure 6.Plan View of the Physical Aquifer Model Showing Well Numbers and Locations26
Each of the street tee fittings have 3.2 mm NPT brass
caps threaded onto the ends.A 1.6 mm diameter hole was
drilled into the center of each cap to allow passage of an 18
gauge,30.5 cm long syringe needle (Aldrich Chemical Co.,
Milwaukee, WI).Three-layered silicon septa are fitted into
the cap to seal against leakage.The syringe needles are
used to remove water samples from the well.The syringe tip
can be adjusted vertically to permit the withdrawal of a
sample from any position inside the well.Syringes, 10 cm3
in volume, are connected to the needles for sample collection
purposes (Figure 7).Syringes and needles were also used to
collect samples directly from above the sand pack.Syringe
needles were graduated with visible lines and inserted into
the sand pack to the desired depth.
A lid,2.17 m wide,4.37 m long,and 6.4 mm thick,
constructed of the same aluminum alloy as the tank,can
optionally be used to seal the tank to create confined
conditions (Figure 8).A rubber gasket 7.6 cm wide and 6.4
mm thick lines the flange of the PAM upon which the lid
rests.The lid can then be clamped into place to provide a
fluid-tight seal.The PAM's are capable of studying a wide
variety of flow and transport conditions (model calculations
depicted in Figures 9a-9d) and dimensions are large enough to
approximate processes in the field (Table 2).
Experimental Overview
CapabilitiesofthePAM'sweretestedbyconductingFigure 7.Sampling Ports Below the Physical Aquifer ModelFigure 8.Sealing Lid0
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Figure 9d.Physical Aquifer Model Capabilities; PointSource Injection
4.0Table 2.Physical Aquifer Model Characteristics
Dimensions (1 x w x d): 4.00 m x 2.00 m x 0.20 m
Volume: 1.6 m3
Capacity: 2500 kg sand + 380 kg water
Materials: Aluminum rectangular tank with
steel undersupport structure
Features: Constant head reservoirs at each
end, 2.00 m x 0.09 m x 0.20 m
Leveling feet (6)
Sealable lid (water tight)
Fully-penetrating sampling,
injection, or extraction wells (40)34
experiments using a bromide tracer solution and a blue dye.
Experiments were conducted in two PAM's, one filled with tap
water and the other packed with a sand media.For each PAM,
a uniform flow rate was established along the length of the
tank and a bromide tracer solution was injected continuously
into one well.Bromide concentrations were measured using
water samples collected from the well array and contour plots
of bromide plume development through time were constructed.
Dyemovementinthewater-filledPAMwasstudiedby
videotaping the plume from above as the dye was injected.
Coordinates (X,Y) of the bromide center of mass through time
were calculated for both the water-filled and sand-packed PAM
experiments using Equations 1& 2:
-
40
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40
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40
Yi Ci
Ci
(Eq.1)
(Eq. 2)35
Second order spatial moments of the bromide plume center of
mass were also calculated using equations 3 & 4 to illustrate
the degreeofspreading of thecenterof massin the
longitudinal (X) and lateral(Y) directions:
40
;If a
2
2=
40
yo2
40
Ci
Water-filled PAM Experiments
(Eq. 3)
(Eq. 4)
Two experiments were conducted on the water-filled PAM.The
first involved documentation of a dye plume as it spread
through the PAM.A flow rate of 3.4 liters/minute(0.85
mL/minute) was established by adjusting water levels in each
reservoir and flow was allowed to stabilize for four hours.
The Reynold's number,R,for this open-channel system was
calculated to be 25.2 and indicated that flow was laminar,
since turbulent flow occurs at R 2000(Fetter,1980).
Inlet and outlet reservoir ports were baffled with 100 mesh36
stainless steel screening to prevent formation of stray
currents caused by the entrance and exit of water through the
reservoirs. Itwasfoundin previous tests thatsuch
currents were significant enough to disrupt the flow pattern
of the developing plume.The injection well(number3,
Figure 6)was also baffled in the same manner to minimize
pulsing effects caused by the delivery pump (piston-type,
Fluid Metering Inc.).A 26liter carboy containinga
solution of methylene blue dye in tap water was prepared.
Concentration of the dye solution was 250 mg/liter. The
selection of the dye and its concentration was based upon
satisfactory visualappearance during videotaping. The
videocamera was equipped with a wide-angle lens and located
approximately 2.3 meters above the tank, giving a field of
view encompassing nearly the whole length and width of the
tank.A clock was mounted within the camera's view to record
elapsed time during plume development.The pump was then set
and activated to deliver a volume of 51.2 mL/minute to the
injection well.Plume development was then recorded for
approximately two hours.
The second experiment conducted on the water-filled PAM
involved a continuous point source injection of a potassium
bromide solution and sampling of the well array over time.
A water flowrate of 3.4 L/minute was established and allowed
to stabilize for four hours.A 26 liter carboy containing a
5000 mg/L bromide solution was prepared in tap water and
plumbed to the delivery pump.The pump was set to deliver37
52.6 mL/minute to the injection well.As in the first
experiment, inlet and outlet ports, and the injection well
were baffled to minimize stray currents.The wells were
sampled every ten minutes for two hours following the start
of injection.
Four people assisted with the sampling, each responsible
for ten wells.Samples (10 mL) were withdrawn from within
each well via a plastic syringe fitted with a syringe needle.
A glass sleeve encasing each needle acted as a spacing guide
to prevent the needle tip from shifting vertically within the
well as the sample was being collected.This insured that
all samples were taken from the same depth (6-7 mm above the
tank bottom) within all wells.A total of 468 samples were
taken,representing twelve"snapshots"of bromide plume
development spaced ten minutes apart.Samples were measured
for bromide concentrations using an ion specific electrode
(ISE) manufactured by Orion Research Inc., Cambridge, MA.
The ISE has a dynamic linear range of 1 ppm to 10,000 ppm and
was well-suited for the concentration range encountered
(Figure 10) .
Sand-packed PAM Experiments
In these experiments, the physical aquifer model was
packedwithGrade16Granusilsand,asandobtained
commercially (Unimin Corporation, Emmett, ID).Selection of
the sand was based upon favorable hydraulic conductivity,
particle size, and low chloride and bromide concentrations1 1 I 1 1 1111 1 1 I 1 11111 1 I 1 1 11111 I 1 I 1 1111
1 0 0 0 0 10 100 1000
BROMIDE CONCENTRATION (mg/L)
Figure 10.Typical Bromide Standard Curve Using Ion Selective ElectrodeTable 3.Physical and Chemical Properties ofGrade 16 Granusil Sand
Composition: Quartz w/ minor feldspar and mica
Hydraulic conductivity (column 135 m/day
tests):
Mean particle size:
Uniformity index (d60/c110)
Extractable anions:
0.85 mm
1.58
Bromide, 0 ug/g
Chloride, 1.3 ug/g
Water content: 0.03 %100
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Figure 11.Particle Size Distribution of Grade 16 Granusil Sand41
(Table3).Preliminary tests on the sand using packed
columns indicated that hydraulic conductivity would be high
enough to conduct experiments in a reasonable amount of time
(e.g. days).Particle size analysis of the sand (Figure 11)
using a dry sieving method showed that the sand had a mean
diameter of 0.85 mm and a uniformity index of 1.58 (Table 3).
Since the aquifer in these experiments was assumed to be
homogeneous and isotropic, a method of packing the PAM in a
uniform manner was developed.
In this study, a new packing method was developed that
consisted of dividing the PAM into a set of compartments
using temporary posterboard partitions.Sand was then packed
intoeachcompartmentindependently. Aframeworkof
posterboard, 20 cm high, was set up inside the aluminum tank,
dividing the 4.00 m x 2.00 m area into 44compartments
(Figure 12).The posterboard was 1.6 mm thick, occupied 0.01
m3(0.6 % of the total PAM volume) and was held together by
tape at the top edges.The sides of each compartment were
inscribed with four level or "lift" lines, thus creating 176
volume elementsin the PAM. Liftlines were staggered
vertically and horizontally between compartments so that no
preferential flow paths would be developed during the packing
procedure.Sand was added in increments of up to 3500 g to
each volume element, then settled and smoothed in with a
straightedge before the next aliquot was added.Compaction
of the sand during addition was minimized, as earlier packing
tests showed that the targeted dry bulk density (1.50 g/cm3)''.
Wells
Partition
boundories
0 0.5
Meters
1.0
Figure 12.Plan View of the Physical Aquifer Model Showing Posterboard Framework and
WellsFigure 13a.Sand Packing Sequence; Posterboard Framework and Sand Fill Stage 1Figure 13b.Sand Packing Sequence; Sand Fill Stage 2Figure 13c.Sand Packing Sequence; Sand Fill Stage 3Figure 13d.Sand Packing Sequence; Sand Fill Stage 4(Completed)47
could be achieved without compaction.This procedure was
used to completely fill the aluminum tank with 2540 kg of
sand (Figures 13a-13d).After cutting the tape holding the
top edges, the posterboard framework was removed by carefully
rocking each panel from side to side as it was lifted out.
The large number of volume elements, each with constant bulk
density, achieve a statistically equivalent homogeneous and
isotropic sand pack and will randomize any differences in
bulk density between volume elements.Physical properties of
the sand pack are given in Table 4.
The sand aquifer was saturated by adding cold tap water
in five gallon increments to each reservoir and allowing the
water to infiltrate the aquifer.Saturation was done slowly
to allow displacement of air within the pores of the sand.
After a week's time, 200 gallons of tap water were added to
the aquifer.Tap water was chosen as the groundwater source
since a large and constant flow rate is required to supply
the inlet reservoir.Tap water pH was 7.4 with measured
bromide, chloride, and fluoride concentrations of 0.60, 4.98,
and 1.08 mg/L, respectively.
Following saturation of the sand pack,a continuous
point source bromide tracer experiment was then conducted.
A hydraulic gradient of 0.005 m/m was established between the
inletandoutletreservoirsthroughadjustmentofthe
overflow standpipes. Corresponding flowrate across the
length of the tank was 392 mL/minute (0.10 cm/minute) and
this was allowed to stabilize overnight.The average linearTable 4.Physical Properties of the Sand Aquifer
Composition: Sand (quartz w/ minor feldspar and
mica)
Hydraulic conductivity: 324 m/day
Transmissivity: 65 m2iday
Dimensions (1 x w x d): 4.00 m x 2.00 m x 0.20 m
Volume: 1.6 m3
Mass: 2500 kg (unsaturated)
2880 kg (saturated)
Porosity: 0.43
Residence time: 2.5 days49
velocity through the sand pack was calculated to be 0.23
cm/minute.The Reynold's number for this system was 0.03 and
indicated that water flow through the sand was laminar since
inception of turbulent flow begins at a Reynold's number
ranging from 60 to 600 for flow through porous media (Fetter,
1980).A 1000 mg/L bromide solution was prepared in tap
water and plumbed to a delivery pump set at 35 mL/minute.
Well number 8(Figure 6) was chosen as the injection well in
order to completely contain the bromide plume within the
array of sampling wells.The sampling design described for
thewater-filled PAM experimentswasemployed. After
activation of the pump, samples were collected from all wells
at half to one hour intervals for a period of 680 minutes.
Thereafter,bromideinjectionwasallowedtocontinue
unsampled overnight for an additional 500 minutes.Sampling
wasthenperformedatthistime(1180minutesafter
injection) from above the tank using syringe needles which
penetrated through the sand pack to the tank bottom.A
denser sampling grid could be obtained in this way.Bromide
concentrations were then measured with the ISE.50
RESULTS AND DISCUSSION
Water-filled PAM
Injectionofthemethylenebluedyepermitteddirect
observationof waterflow paths travelling through the
perforated plate and around the vicinity of the injection
well.Videotaping during initial experiments revealed the
presence of stray currents emanating from the perforated
plate(Figure14). Thiswasinvestigatedfurtherby
introducingdyeviaasyringeneedleinfrontofthe
perforated plate(e.g.downflow)atvariousdepths and
locations along its length.Dye movement was seen to move
more rapidly in the area opposite the inlet port supplying
water to the reservoir and hence groundwater flow was not
uniform.These stray currents were eliminated by changing
inlet reservoir plumbing to allow water entry through two
middle ports instead of one, thus balancing distribution of
the incoming water. Also,wire screens(100 mesh)were
placedinfrontofeachofthe portstoreduce water
velocities entering the reservoir.Syringe injection of the
dye wasagain done tocheck water velocities near the
perforated plate.Dye movement was uniform at all points
tested and indicated that a uniform water flow had been
established.
Stray currents were also observed in the vicinity of the
injection well and appeared in the form of an asymmetric
"bow-tie" shaped plume (Figure 15).This phenomena may haveFigure 14.Plume Distortion Resulting From Inlet Reservoir Stray CurrentsFigure 15."Bow-tie" Effect From Well Slot Geometry53
been caused by slot geometry of the well where higher
velocities developed as the dye solution passed through the
restrictive well slots.This "bow-tie" effect persisted
throughout the injection period and resulted in asymmetric
plume development.To counteract this effect the injection
well was baffled by encircling the well with a double layer
of 100 mesh screening.This reduced high water velocities at
the point source and allowed symmetrical plume development.
The dye plume developed in a symmetrical manner during
the first 90 minutes as seen in Figures 16a-16d, but after
this time movement shifted towards the lower left of the tank
as seen in Figure 16e.This behavior can be attributed to
leveling imperfections along the tank bottom,as the dye
solution (250 mg/L) was more dense than that of water.Dye
movement followed the contours of the tank's bottom after
sinking10cm(injectionheightabovetankbottom).
Noticeable "fingering" of the plume front also occurred after
60 minutes injection time and was observed throughout the
remainder of the experiment.
The bromide tracer followed the same pattern as that of
the dye plume. Contour plotsof bromide concentration
through time were made to define plume boundaries (Figures
17a-17d) and were very similar to those seen in the videotape
of the dye plume.The bromide solution used (5000 mg/L) also
was denser than that of water and plume development was
affected by the contours of the tank bottom.
A plot of the movement of the bromide center of massFigure 16a.Progression of the Methylene Blue Dye Plume 0 MinutesFigure 16b.Progression of the Methylene Dye Plume 30 MinutesFigure 16c.Progression of the Methylene Blue Dye Plume 60 MinutesFigure 16d.Progression of the Methlyene Blue Dye Plume 90 MinutesFigure 16e.Progression of the Methylene Blue Dye Plume 120 MinutesFigure 17a.Contour Plot of Bromide Tracer Concentration (mg/L)in Water-filled PAM
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Figure 17d.Contour Plot of Bromide Tracer Concentration (mg/L) in Water-filled PAM
120 Minutes63
through time(Figure18)showsthat plume movementis
contained between Y coordinates of 0.985 and 0.974 m, a shift
of only 1.5 to 2.6 cm from the injection point.Thus, the
bromide center of mass essentially followed the centerline of
the tank (e.g. Y = 1.00 m) and did not deviate significantly
from the injection source along the Y direction.
The degree of spreading of the bromide plume in the
longitudinal direction as calculated by equation 3 increased
from 0.032 to 0.572 m2 over the two hour period (Table 5) .
Similarly, the degree of spreading in the lateral direction
(using equation 4)increased from 0.010 to 0.074 m2(Table
5). Bothsetsofdata demonstrate thatthe plumeis
increasinginarealextentthroughtimeandgreater
development occurs in the longitudinal (downflow) direction
as would be expected.
Further analysis of the bromide plume data showed that
the plumes' center of mass moved at a lower velocity in the
longitudinal direction than the established water velocity of
0.85 cm/minute.Comparison between water and bromide travel
distances for the bromide center of mass is shown in Figure
19.The plot reveals a strong linear relationship(R2=
0.992) between the two parameters and indicates that the
bromide center of mass is moving at a constant velocity,
though about 50% slower (slope = 1.5) than the established
flow field.This time lag may be caused by initial vertical
sinking of the bromide plume, thus reducing velocity in the1.005
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Figure 18.Movement of Bromide Center of Mass Water-filled PAMTable 5.Calculated Bromide Center of Mass Coordinates and Degree of SpreadingThrough
Time -- Water-filled PAM
Time
(Minutes)
Center of Mass
X Coordinate
(m)
Center of Mass
Y Coordinate
(m)
Degree of
Spreading,6,2,
(m2)
Degree of
Spreading,6y
(m2)
10 8.45E-01 1.00E+00 3.20E-02 1.01E-02
20 8.73E-01 9.85E-01 2.98E-02 1.71E-02
30 9.31E-01 9.80E-01 5.90E-02 3.27E-02
40 9.75E-01 9.79E-01 8.25E-02 4.26E-02
50 1.01E+00 9.77E-01 1.16E-01 4.71E-02
60 1.08E+00 9.74E-01 1.83E-01 5.37E-02
70 1.15E+00 9.77E-01 2.56E-01 5.49E-02
80 1.22E+00 9.75E-01 3.46E-01 6.00E-02
90 1.27E+00 9.78E-01 4.16E-01 6.35E-02
100 1.35E+00 9.77E-01 5.00E-01 6.96E-02
110 1.40E+00 9.80E-01 5.57E-01 7.09E-02
120 1.41E+00 9.84E-01 5.72E-01 7.36E-021.1
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Figure 19.Comparison Between Water and Bromide Center of Mass Travel Distances
in the Longitudinal Direction Water-filled PAM67
longitudinal direction and retarding plume movement with
respect to that of the water.
Sand-packed PAM
Bromide plume development in the sand-packed PAM was very
restricted over the 680 minutes that intensive sampling was
done.Bromide concentrations above background (3.5 mg/L)
were detected only along the centerline of the tank (Y = 1.00
m)at the well locations where sampling was done (e.g. X =
1.30, 1.70, 2.30, 2.70, 3.00, and 3.20 m).These values were
plotted as relative concentrations(C/C0) versus time over
the19 sampling periods spanning 680 minutes. Relative
concentrations of bromide reached unity at the X = 1.30 and
1.70 m locations and values of C/Co reached 0.76, 0.65, 0.24,
and 0.03 for the locations X = 2.30, 2.70, 3.00, and 3.20 m,
respectively (Figure 20).Data points obtained from sampling
the PAM from above at 1180 minutes could not be correlated
with those obtained from the wells since plume boundaries
reachedthewallsofthePAMandaffectedbromide
concentrations (i.e. "edge effects").
The plume center of mass shifted in the longitudinal
direction from 1.00 to 1.78 meters over 680 minutes (Table
6).Shifting in the lateral direction was not observed as
the plume followed the centerline of the tank (Y = 1.00 m)
the entire time. The degreeof longitudinal spreading
(second order spatial moment in the X direction) increased
from 0 to 0.44 m2 over 680 minutes of bromide injection.The1.2
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Figure 20.Relative Concentration of Bromide versus Time Along Centerline Wells
(Y = 1.00 m) Sand-packed PAMTable 6.Calculated Bromide Center of Mass Coordinates andDegree of Spreading Through
Time Sand-packed PAM
Center of MassCenter of Mass Degree of Degree of
Time X Coordinate Y Coordinate Spreading, Spreading, c);
(Minutes) (m) (m) (m2) (m2)
10 1.00E+00 1.00E+00 0.00E+00 0.00E+00
20 1.00E+00 1.00E+00 0.00E+00 0.00E+00
50 1.00E+00 1.00E+00 1.18E-03 0.00E+00
80 1.09E+00 1.00E+00 1.86E-02 0.00E+00
110 1.14E+00 1.00E+00 2.27E-02 0.00E+00
140 1.15E+00 1.00E+00 2.28E-02 0.00E+00
170 1.16E+00 1.00E+00 2.49E-02 0.00E+00
200 1.18E+00 1.00E+00 3.45E-02 0.00E+00
230 1.34E+00 1.00E+00 8.43E-02 0.00E+00
260 1.34E+00 1.00E+00 8.42E-02 0.00E+00
290 1.34E+00 1.00E+00 8.32E-02 0.00E+00
320 1.34E+00 1.00E+00 8.68E-02 0.00E+00
350 1.35E+00 1.00E+00 9.45E-02 0.00E+00
380 1.36E+00 1.00E+00 1.12E-01 0.00E+00
440 1.43E+00 1.00E+00 1.74E-01 0.00E+00
500 1.53E+00 1.00E+00 2.54E-01 0.00E+00
560 1.63E+00 1.00E+00 3.30E-01 0.00E+00
620 1.71E+00 1.00E+00 3.84E-01 00.0E+00
680 1.78E+00 9.99E-01 4.34E-01 3.58E-04
1180 2.09E+00 9.91E-01 6.99E-01 1.13E-0170
degree of lateral spreading (second order spatial moment in
the Y direction) was negligible over 680 minutes of injection
time although an increase is seen after 1180 minutes.71
CONCLUSIONS
Summary
The principal goal of this research was to develop PAM's for
evaluating remediation strategies for use in contaminated
aquifer systems.Working experimental procedures for two
identical physical aquifer models were developed and tested
using a non-reactive bromide tracer and blue dye.Four areas
ofconcernwereaddressedthroughoutthisstudy: 1)
monitoring well design;2) inlet and outlet plumbing design;
3)sampling protocol;and 4)media packing methodology.
Thesetopicswereexploredindividuallybyconducting
experiments to test the effectiveness of each.
Miniature wells were first designed and constructed to
act as sampling, injection, or extraction points.An array
of 40fully-penetrating wells were installed in the PAM
defining an area 1.00 m by 2.40 m.All wells were slotted,
screened,and extended below the tank where sampling or
measuring equipment could be attached.The wells should
function similarly to that of full-sized wells installed in
the field (i.e. pump tests, tracer studies, slug injection,
etc. can be performed).
Plumbing design was then studied in order to establish
a uniform water flow field across the tank's length of 4.00
m,acondition essentialfor easeof quantitative data
analysis.Initial designs produced water velocities which
resulted in asymmetric plume development.This was evidenced72
by videotaping a blue dye as it was injected through a well
intoa water-filled PAM.A later design proved to be
effective in establishing uniform flow and symmetrical plume
development occurred.
Samplingprotocolwasalsodevelopedandtested.
Sampling was done both above and below the tank using 12 inch
long syringe needles attached to a10 mL syringe barrel.
Water samples were taken from below the PAM by inserting the
needle inside a well to a desired location (depth).A glass
sleeve encased the needle and prevented vertical travel
during sampling.Hundreds of samples were taken in this
manner and a consistent sampling technique was achieved.
Uniformpackingofasandmediawascarefully
considered.Criteria for the packing procedure was to obtain
ahomogeneousandisotropic mediainwhich toconduct
quantitative experiments such as tracer studies or solute
transportmovement. Thisconditionofisotropyand
homogeneity of the sand media was met by dividing the PAM
into discrete "volume elements".Each element was treated as
a separate unit and sand was added in small increments (3500
g or less) into each one to achieve a constant bulk density
of 1.50 g/cm3.Although destructive sampling of the sand
pack has not yet been done, current research not reported
here indicates that the sand pack is indeed homogeneous and
isotropic.
Ultimately,the PAM's willbe used toinvestigate
remediationtechniques (biologicalandchemical) on73
contaminated aquifer systems simulated in the laboratory.It
is hoped that this technology will lead to improvements in
remediation techniques applied to field situations.
Future Work
Additional studieson the sand packed PAM willinvolve
investigation of density effects of bromide tracer solutions.
Two-well tracer tests(Figure 9a)are planned using five
different bromide concentrations and sampling the tank from
above at three depth levels within the sand pack. Data
obtained will be used to address questions concerning center
ofmassmovementofthetracerplumeversustracer
concentration.Dispersivities at each concentration will be
determined.
Following completion of experimental studies on the sand
packed PAM,a methylene blue dye will be injected through
well number 3 (Figure 6) until plume development has occupied
the area bounded by the well array.The dyed sand pack will
then be videotaped as it is excavated to visually follow
progression of the dye plume.Core samples of the sand will
alsobe taken during theexcavation processfrom each
partition area (44 total) that was created during the initial
packing procedure.Bulk density will be measured on these
samples to determine the effectiveness of the packing method
used.
Investigation of in situ bioremediation processes for
benzene, toluene, and xylene isomers(BTEX compounds) are74
planned for both PAM's to determine degradation rates of
these compounds under aerobic conditions.Both PAM's will be
set up identically and one will serve as a control while the
other will be used for treatment.An oxidant and nutrients
will be injected into the PAM through one of the wells.
Collected data will be used as benchmark datasetfor
verfication of a numerical model describing the fate and
transport of BTEX.75
BIBLIOGRAPHY
Abdul,A.,A New Pumping Strategy for Petroleum Product
Recovery from Contaminated Hydrogeologic Systems: Laboratory
and Field Evaluations, Groundwater Monitoring Review, 12(1),
105-114, 1992.
Alemi,M.H.,D.A.Goldhamer,and D.R.Nielsen,Selenate
Transport in Steady-State Water-Saturated Soil Columns,J.
Environ. Qual., 17(4), 608-613, 1988.
American Petroleum Institute,Test Results of Surfactant
Enhanced Gasoline Recovery in a Large-scale Model Aquifer,
API Publication No. 4390, 59 pp., 1985.
Barker, J.F., G.C. Patrick, and D. Major, Natural Attenuation
ofAromaticHydrocarbonsinaShallowSandAquifer,
Groundwater Monitoring Review, 64-71, Winter 1987.
Baseghi, B., and C.S. Desai, Laboratory Verification of the
Residual Flow Procedure for Three-Dimensional Free Surface
Flow, Water Resour. Res., 26(2), 259-272, 1990.
Bouwer, E.J., and P.L. McCarty, Modeling of Trace Organics
Biotransformation in the Subsurface, Groundwater, 22(4), 433-
440, 1984.
Chiang, C.Y., J.P. Salanitro, E.Y. Chai, J.D. Colthart, and
C.L.Klein, Aerobic Degradation of Benzene,Toluene,and
Xylene ina Sandy Aquifer Data Analysis and Computer
Modeling, Groundwater 27(6), 823-834, 1989.
Fetter,C.W.,Jr.,AppliedHydrogeology,C.E.Merrill
Publishing Co., Columbus, Ohio, 1980.
Freeze, R.A., and J.A. Cherry, Groundwater, Prentice-Hall,
Englewood Cliffs, N.J., 1979.
Fort,D.D.,Federalism and the Prevention of Groundwater
Contamination, Water Resour. Res., 27(11), 2811-2817, 1991.
Freyberg,D.L.,A Natural Gradient Experiment on Solute
Transport in a Sand Aquifer,2,Spatial Movements and the
Advectionand DispersionofNonreactiveTracers,Water
Resour. Res., 22(13), 2031-2046, 1986.
Gelhar, L.W., J.L. Wilson, J.S. Miller, and J.M. Hanrick,
Density Induced Mixing in Confined Aquifers, U.S. EPA Water
Pollution Control Research Series, No. 16060 ELJ 3/72, 130
pp., 1972.76
Glass, R.J., G.H. Oosting, and T.S. Steenhuis, Preferential
Solute Transport in Layered Homogenous Sands as a Consequence
of Wetting Front Instability, J. Hydrol., 110, 87-105, 1989.
Grisak, G.E., J.F. Pickens, and J.A. Cherry, Solute Transport
Through Fractured Media, 2, Column Study of Fractured Till,
Water Resour. Res., 16(4), 731-739, 1980.
Guvanasen, V., and R.E. Volker, Experimental Investigations
of Unconfined Aquifer Pollution From Recharge Basins, Water
Resour. Res., 19(3), 707-717, 1983.
Hillel,D.,Introduction to Soil Physics, Academic Press,
Inc., Orlando, Florida, 1982.
Hull,L.C.,J.D.Miller,and T.M.Clemo,Laboratory and
Simulation Studies of Solute Transport in Fracture Networks,
Water Resour. Res., 23(8), 1505-1513, 1987.
Hutzler,N.J.,J.C.Crittenden,J.S.Gierke,and A.S.
Johnson,TransportofOrganicCompoundsWithSaturated
Groundwater Flow:Experimental Results, Water Resour. Res.,
22(3), 285-295, 1986.
Jackson,R.E.,B.W.Graham,J.Bahr,D.Belanger,J.
Lockwood, and M. Priddle, Contaminant Hydrogeology of Toxic
Organic Chemicals at a Disposal Site, Gloucester, Ontario, 1,
Chemical Concepts and Site Assessment: Ottawa, Environment
Canada, National Hydrol. Research Instit., Paper No. 23, 114
pp., 1985.
Johnson, R.L., S.M. Brillante, and L.M. Isabelle, J.E. Houck,
and J.F. Pankow, Migration of Chlorophenolic Compounds at the
Chemical Waste Disposal Site at Alkali Lake,Oregon,2,
ContaminantDistributions,Transport,andRetardation,
Groundwater, 23(5), 652-666, 1985.
Johnson, R.L., Personal Communication, Associate Professor,
Department of Environmental Science and Engineering, Oregon
Graduate Institute of Science and Technology, 1992.
Jinzhong, Y., Experimental and Numerical Studies of Solute
Transport in Two-Dimensional Saturated-Unsaturated Soil, J.
Hydrol., 97, 303-322, 1988.
Karickhoff,S.W., D.S. Brown, and T.A. Scott, Sorption of
Hydrophobic Pollutants on Natural Sediments, Water Research,
13(3), 241-248, 1979.
Kuhn, E.P., P.J. Colberg, J.L. Schnoor,0. Wanner, A.J.B.
Zehnder, and R.P. Schwarzenbach, Microbial Transformations of
Substituted Benzenes During Infiltration of River Water to
Groundwater: LaboratoryColumnStudies,Environ.Sci.
Technol., 19(10), 961-968, 1985.77
Lagas, P.,SorptionofChlorophenolsintheSoil,
Chemosphere, 17(2), 205-216, 1988.
Lindstrom,F.T.,L.Boersma,M.A.Barlaz,and F.Beck,
Transport and Fate of Water and Chemicals in Laboratory
Scale, Single Layer Aquifers, Volume 1, Mathematical Model,
Oregon State University Agricultural Experiment Station,
Special Report 845, 52 pp., 1989.
Luthin, J.N., A. Orhun, and G.S. Taylor, Coupled Saturated-
Unsaturated Transient Flow in Porous Media: Experimental and
Numerical Model, Water Resour. Res., 11(6), 973-978, 1975.
Madsen,E.L.,J.L.Sinclair,and W.C.Ghiorse,InSitu
Biodegradation: Microbiological Patterns in a Contaminated
Aquifer, Science, 252, 830-833, 1991.
Mansell, R.S., P.J. McKenna, and M.E. Hall, Solute Discharge
During Steady Water Drainage From a Sand Tank, Soil Sci. Soc.
Am. J., 49, 556-562, 1985.
Nieber, J.L., and M.F. Walter, Two-Dimensional Soil Moisture
FlowinaSloping Rectangular Region:Experimentaland
Numerical Studies,Water Resour.Res.,17(6),1722-1730,
1981.
Oberg, E., F.D. Jones, and H.L. Horton, Machinery's Handbook,
23rd ed., Industrial Press, Inc., New York, 2511 pp., 1988.
0' Connor, G.A., M.T. Van Genuchten, and P.J. Wierenga,
Predicting 2,4,5-T Movement in Soil Columns,J.Environ.
Qual., 5(4), 375-378, 1976.
Pandey, R.S., A.K. Bhattacharya, O.P. Singh, and S.K. Gupta,
Drawdown Solutions With Variable Drainable Porosity,J.
Irrig. and Drainage Div., ASCE, 118(3), 382-395, 1992.
Porzucek,C.,Surfactant Flooding Technology for In Situ
Cleanup of Contaminated Soils and Aquifers A Feasibility
Study, Los Alamos National Laboratory, Report LA-11541-MS, 31
pp., 1989.
Schiegg, H.O., and J.F. McBride, Two-Dimensional Multiphase
Flow in Porous Media, U.S. Dept. of Energy, Report DOE/ER-
0374, 25 pp., 1988.
Schincariol,R.A.,andF.W.Schwartz,AnExperimental
InvestigationofVariableDensityFlowandMixingin
Homogeneous and Heterogeneous Media,Water Resour.Res.,
26(10), 2317-2329, 1990.
Selker, J.S., Personal Communication, Assistant Professor,
DepartmentofBioresourceEngineering,OregonState
University, 1992.78
Silliman,S.E.,L.F.Konikow,and C.I.Voss,Laboratory
InvestigationofLongitudinalDispersioninAnisotropic
Porous Media, Water Resour. Res., 23(11), 2145-2151, 1987.
Silliman, S.E., and E.S. Simpson, Laboratory Evidence of the
Scale Effect in Dispersion of Solutes in Porous Media, Water
Resour. Res., 23(8), 1667-1673, 1987.
Starr, R.C., R.W. Gillham, and E.A. Sudicky, Experimental
Investigation of Solute Transport in Stratified Porous Media,
2, The Reactive Case, Water Resour. Res., 21(7), 1043-1050,
1985.
Stauffer, F., and T. Dracos, Experimental and Numerical Study
of Water and Solute Infiltration in Layered Porous Media, J.
Hydrol., 84,9-34, 1986.
Sudicky, E.A., R.W. Gillham, and E.O. Frind, Experimental
Investigation of Soulte Transport in Stratified Porous Media,
1,The Nonreactive Case, Water Resour. Res.,21(7),1035-
1041, 1985.
Tang,Y.K.,and R.W.Skaggs,Experimental Evaluation of
Theoretical Solutions for Subsurface Drainage and Irrigation,
Water Resour. Res., 13(6), 957-965, 1977.
Vauclin,M.,D.Khanji,and G.Vachaud, Experimental and
Numerical Study of a Transient, Two-Dimensional Unsaturated-
Saturated Water Table Recharge Problem, Water Resour. Res.,
15(5), 1089-1101, 1979.
Westall,J.C.,C.Leuenberger,andR.P.Schwarzenbach,
Influence of pH and Ionic Strength on the Aqueous-Nonaqueous
Distribution of Chlorinated Phenols, Environ. Sci. Technol.,
19(2), 193-198, 1985.APPENDICES79
Table Al.
Well
#1
Well
X
(m)
Coordinates
Y
(m)
1 0.80 0.50
2 0.80 0.75
3 0.80 1.00
4 0.80 1.25
5 0.80 1.50
6 1.00 0.50
7 1.00 0.75
8 1.00 1.00
9 1.00 1.25
10 1.00 1.50
11 1.30 0.50
12 1.30 0.75
13 1.30 1.00
14 1.30 1.25
15 1.30 1.50
16 1.70 0.50
17 1.70 0.75
18 1.70 1.00
19 1.70 1.25
20 1.70 1.50
21 2.30 0.50
22 2.30 0.75
23 2.30 1.00
24 2.30 1.25
25 2.30 1.50
26 2.70 0.50
27 2.70 0.75
28 2.70 1.00
29 2.70 1.25
30 2.70 1.50
31 3.00 0.50
32 3.00 0.75
33 3.00 1.00
34 3.00 1.25
35 3.00 1.50
36 3.20 0.50
37 3.20 0.75
38 3.20 1.00
39 3.20 1.25
40 3.20 1.5080
Table A2.Measured Bromide Concentrations in Water-filled
PAM
Well
#
Coordinate
X Y
(m) (m)
10'
[Br -]
(mg/L)
20'
[Br -]
(mg/L)
Elapsed Time
30'
[Br -]
(mg/L)
40'
[Br-)
(mg/L)
50'
[Br -]
(mg/L)
1 0.80 0.50 2.1 2.0 28.6 35.4 39.6
2 0.80 0.75 176.9 260.7 282.4 295.1 313.4
3 0.80 1.00 5000 5000 5000 5000 5000
4 0.80 1.25 150.7 176.9 179.0 217.8 256.6
5 0.80 1.50 12.7 2.7 56.8 117.6 103.1
6 1.00 0.50 1.4 69.7 178.3 227.6 253.5
7 1.00 0.75 184.1 297.5 350.5 379.7 390.4
8 1.00 1.00 323.5 347.7 431.5 460.0 496.3
9 1.00 1.25 173.4 288.1 339.5 350.5 376.6
10 1.00 1.50 1.3 33.9 103.1 105.6 144.8
11 1.30 0.50 2.7 15.4 88.2 123.4 165.3
12 1.30 0.75 5.7 291.6 473.1 559.6 575.5
13 1.30 1.00 34.6 150.7 175.5 227.6 240.7
14 1.30 1.25 3.2 20.6 48.8 73.1 84.4
15 1.30 1.50 9.1 7.8 115.8 179.7 186.3
16 1.70 0.50 8.0 2.8 34.5 136.4 176.2
17 1.70 0.75 6.8 2.5 104.8 193.9 251.5
18 1.70 1.00 1.4 12.3 118.6 184.1 216.9
19 1.70 1.25 7.8 8.4 63.3 134.2 160.7
20 1.70 1.50 6.8 5.3 8.8 74.3 119.5
21 2.30 0.50 7.5 1.6 3.0 3.6 26.3
22 2.30 0.75 2.8 1.5 2.7 4.3 44.3
23 2.30 1.00 2.6 1.4 3.2 4.1 50.0
24 2.30 1.25 5.4 4.1 4.0 3.0 22.4
25 2.30 1.50 7.6 2.2 2.4 2.0 6.4
26 2.70 0.50 3.3 2.1 2.2 3.2 5.3
27 2.70 0.75 1.5 1.7 1.9 3.0 5.5
28 2.70 1.00 7.4 2.3 2.4 3.1 6.8
29 2.70 1.25 7.3 1.8 2.4 2.9 6.1
30 2.70 1.50 4.1 1.5 2.5 2.5 3.8
31 3.00 0.50 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
32 3.00 0.75 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
33 3.00 1.00 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
34 3.00 1.25 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
35 3.00 1.50 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
36 3.20 0.50 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
37 3.20 0.75 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
38 3.20 1.00 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
39 3.20 1.25 < 1.0 < 1.0 < 1.0 < 1.0 < 1.0
40 3.20 1.50 < 1.0 < 1.0 < 1.0 < 1.0 < 1.081
Table A2,Measured Bromide Concentrations in Water-filled
PAM (cont.)
Elapsed Time
Well
#
Coordinate
X Y
(m) (m)
60'
(Br-]
(mg/L)
70'
[Br-]
(mg/L)
80'
[Br-]
(mg/L)
90'
[Br-]
(mg/L)
100'
(Br-]
(mg/L)
1 0.80 0.50 51.4 41.1 56.1 60.1 52.7
2 0.80 0.75 336.7 296.3 353.3 349.1 361.9
3 0.80 1.00 5000 5000 5000 5000 5000
4 0.80 1.25 251.5 235.9 227.6 309.6 236.8
5 0.80 1.50 151.3 151.9 132.1 138.6 149.5
6 1.00 0.50 283.5 252.5 283.5 308.4 323.5
7 1.00 0.75 447.3 429.8 449.1 496.3 498.3
8 1.00 1.00 502.3 508.4 494.4 616.0 478.8
9 1.00 1.25 392.0 433.2 447.3 461.9 471.2
10 1.00 1.50 178.3 161.3 193.1 179.0 210.1
11 1.30 0.50 159.4 164.6 174.1 203.5 227.6
12 1.30 0.75 664.6 705.7 664.6 689.0 667.3
13 1.30 1.00 263.9 327.5 282.4 406.4 366.2
14 1.30 1.25 91.4 97.1 94.8 124.4 132.6
15 1.30 1.50 221.3 213.5 247.5 271.3 305.9
16 1.70 0.50 268.1 266.0 290.4 312.1 323.5
17 1.70 0.75 312.1 335.4 379.7 376.6 401.5
18 1.70 1.00 275.7 287.0 321.0 326.1 344.9
19 1.70 1.25 201.0 242.6 246.5 243.6 264.9
20 1.70 1.50 123.4 140.3 154.4 179.7 199.4
21 2.30 0.50 85.1 125.9 165.9 195.5 248.5
22 2.30 0.75 117.6 172.7 217.8 239.7 280.2
23 2.30 1.00 125.9 182.6 230.3 242.6 283.5
24 2.30 1.25 76.1 117.6 144.2 195.5 188.6
25 2.30 1.50 49.8 97.9 136.9 165.9 195.5
26 2.70 0.50 13.8 51.4 87.5 107.7 156.9
27 2.70 0.75 18.8 43.5 52.2 77.0 50.0
28 2.70 1.00 20.7 59.8 97.5 127.4 150.1
29 2.70 1.25 15.2 54.4 99.8 124.9 159.4
30 2.70 1.50 5.0 23.1 54.1 92.2 130.5
31 3.00 0.50 4.7 5.6 37.6 61.3 102.7
32 3.00 0.75 6.6 15.5 42.4 63.8 97.9
33 3.00 1.00 7.3 12.8 42.3 68.6 95.9
34 3.00 1.25 6.1 9.9 32.1 62.8 87.8
35 3.00 1.50 4.3 3.5 9.7 46.0 73.7
36 3.20 0.50 < 1.0 4.1 14.7 41.6 71.6
37 3.20 0.75 < 1.0 4.8 21.5 38.9 64.1
38 3.20 1.00 < 1.0 4.5 21.3 40.6 71.4
39 3.20 1.25 < 1.0 4.3 13.4 33.2 59.6
40 3.20 1.50 < 1.0 2.0 5.5 20.2 45.282
Table A2.Measured Bromide Concentrations in Water-filled
PAM (cont.)
Well
Coordinate
X Y
(m) (m)
Elapsed Time
110' 120'
(Br-] [Br-]
(mg/L) (mg/L)
1 0.80 0.50 71.9 63.0
2 0.80 0.75 307.2 387.3
3 0.80 1.00 5000 5000
4 0.80 1.25 292.8 335.4
5 0.80 1.50 153.8 154.4
6 1.00 0.50 324.8 376.6
7 1.00 0.75 498.3 502.3
8 1.00 1.00 518.7 546.3
9 1.00 1.25 492.4 527.0
10 1.00 1.50 210.9 237.8
11 1.30 0.50 183.4 176.9
12 1.30 0.75 711.4 717.1
13 1.30 1.00 350.5 277.9
14 1.30 1.25 131.0 156.9
15 1.30 1.50 315.9 319.7
16 1.70 0.50 350.5 373.6
17 1.70 0.75 417.9 424.7
18 1.70 1.00 360.4 367.7
19 1.70 1.25 287.0 307.2
20 1.70 1.50 167.2 191.6
21 2.30 0.50 274.6 239.7
22 2.30 0.75 297.5 292.8
23 2.30 1.00 308.4 319.7
24 2.30 1.25 201.8 234.0
25 2.30 1.50 204.3 249.5
26 2.70 0.50 170.6 179.0
27 2.70 0.75 100.6 113.9
28 2.70 1.00 177.6 179.7
29 2.70 1.25 191.6 211.8
30 2.70 1.50 161.3 193.9
31 3.00 0.50 119.5 139.1
32 3.00 0.75 130.5 130.5
33 3.00 1.00 127.9 125.9
34 3.00 1.25 122.9 117.2
35 3.00 1.50 110.8 109.0
36 3.20 0.50 97.1 125.9
37 3.20 0.75 94.8 88.6
38 3.20 1.00 93.3 111.7
39 3.20 1.25 81.1 107.7
40 3.20 1.50 69.1 74.683
Table A3. Measured Bromide Concentrations inSand-packed PAM
Well
it
Coordinate
X Y
(m) (m)
10'
[Br -]
(mg/L)
Elapsed Time
20' 50'
[Br -] [Br -]
(mg/L) (mg/L)
80'
[Br -]
(mg/L)
110'
[Br -]
(mg/L)
1 0.80 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
2 0.80 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
3 0.80 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
4 0.80 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
5 0.80 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
6 1.00 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
7 1.00 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
8 1.00 1.00 1000 1000 1000 1000 1000
9 1.00 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
10 1.00 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
11 1.30 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
12 1.30 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
13 1.30 1.00 < 3.5 < 3.5 11.7 399.1 901.8
14 1.30 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
15 1.30 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
16 1.70 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
17 1.70 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
18 1.70 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
19 1.70 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
20 1.70 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
21 2.30 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
22 2.30 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
23 2.30 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
24 2.30 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
25 2.30 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
26 2.70 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
27 2.70 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
28 2.70 1.00 < 3.5 < 3.5 < 3.5 < 3.5 <3.5
29 2.70 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
30 2.70 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
31 3.00 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
32 3.00 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
33 3.00 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
34 3.00 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
35 3.00 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
36 3.20 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
37 3.20 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
38 3.20 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
39 3.20 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
40 3.20 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.584
Table A3. Measured Bromide Concentrations in Sand-packed PAM
(cont.)
Well
#
Coordinate
X Y
(m) (m)
140'
[Br-]
(mg/L)
170'
[Br-]
(mg/L)
Elapsed Time
200' 230'
[Br-] [Br-]
(mg/L) (mg/L)
260'
[Br-]
(mg/L)
1 0.80 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
2 0.80 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
3 0.80 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
4 0.80 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
5 0.80 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
6 1.00 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
7 1.00 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
8 1.00 1.00 1000 1000 1000 1000 1000
9 1.00 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
10 1.00 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
11 1.30 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
12 1.30 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
13 1.30 1.001009.21049.21053.31021.11017.1
14 1.30 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
15 1.30 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
16 1.70 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
17 1.70 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
18 1.70 1.00 5.9 21.9 94.21025.01013.2
19 1.70 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
20 1.70 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
21 2.30 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
22 2.30 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
23 2.30 1.00 < 3.5 < 3.5 4.8 11.2 11.3
24 2.30 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
25 2.30 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
26 2.70 0.50 < 3.5 < 3.5 < 3.5 < 3.5 <_3.5
27 2.70 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
28 2.70 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
29 2.70 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
30 2.70 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
31 3.00 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
32 3.00 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
33 3.00 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
34 3.00 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
35 3.00 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
36 3.20 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
37 3.20 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
38 3.20 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
39 3.20 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
40 3.20 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.585
Table A3. Measured Bromide Concentrations in Sand-packed PAM
(cont.)
Well
#
Coordinate
X Y
(m) (m)
290'
[Br -]
(mg/L)
Elapsed Time
320' 350'
[Br -] (Br -]
(mg/L) (mg/L)
380'
[Br -]
(mg/L)
440'
[Br -]
(mg/L)
1 0.80 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
2 0.80 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
3 0.80 1.00 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
4 0.80 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
5 0.80 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
6 1.00 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
7 1.00 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
8 1.00 1.00 1000 1000 1000 1000 1000
9 1.00 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
10 1.00 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
11 1.30 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
12 1.30 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
13 1.30 1.001005.31021.11017.11017.11017.1
14 1.30 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
15 1.30 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
16 1.70 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
17 1.70 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
18 1.70 1.001009.21013.21017.11017.11021.1
19 1.70 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
20 1.70 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
21 2.30 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
22 2.30 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
23 2.30 1.00 7.0 21.0 43.5 75.5 192.4
24 2.30 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
25 2.30 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
26 2.70 0.50 < 3.5 < 3.5 < 3.5 < 3.5 <_3.5
27 2.70 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
28 2.70 1.00 < 3.5 < 3.5 < 3.5 7.2 82.2
29 2.70 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
30 2.70 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
31 3.00 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
32 3.00 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
33 3.00 1.00 < 3.5 < 3.5 5.1 7.5 8.1
34 3.00 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
35 3.00 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
36 3.20 0.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
37 3.20 0.75 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
38 3.20 1.00 < 3.5 < 3.5 < 3.5 8.4 8.8
39 3.20 1.25 < 3.5 < 3.5 < 3.5 < 3.5 < 3.5
40 3.20 1.50 < 3.5 < 3.5 < 3.5 < 3.5 < 3.586
Table A3. Measured Bromide Concentrations in Sand-packed PAM
(cont . )
Well
#
Coordinate
X Y
(m) (m)
500'
(Br-)
(mg/L)
Elapsed Time
560' 620'
(Br -] [Br -]
(mg/L) (mg/L)
680'
[Br-]
(mg/L)
1180'
[Br -]
(mg/L)
1 0.80 0.50 < 3.5 < 3.5 < 3.5 < 3.5 158.3
2 0.80 0.75 < 3.5 < 3.5 < 3.5 < 3.5 258.1
3 0.80 1.00 < 3.5 < 3.5 < 3.5 < 3.5 279.8
4 0.80 1.25 < 3.5 < 3.5 < 3.5 < 3.5 280.8
5 0.80 1.50 < 3.5 < 3.5 < 3.5 < 3.5 175.6
6 1.00 0.50 < 3.5 < 3.5 < 3.5 < 3.5 303.3
7 1.00 0.75 < 3.5 < 3.5 < 3.5 < 3.5 383.5
8 1.00 1.00 1000 1000 1000 1000 1000
9 1.00 1.25 < 3.5 < 3.5 < 3.5 < 3.5 409.5
10 1.00 1.50 < 3.5 < 3.5 < 3.5 < 3.5 309.2
11 1.30 0.50 < 3.5 < 3.5 < 3.5 < 3.5 459.5
12 1.30 0.75 < 3.5 < 3.5 < 3.5 3.9 644.7
13 1.30 1.001013.21013.2 1009.21017.1 445.6
14 1.30 1.25 < 3.5 < 3.5 < 3.5 < 3.5 425.5
15 1.30 1.50 < 3.5 < 3.5 < 3.5 < 3.5 412.6
16 1.70 0.50 < 3.5 < 3.5 < 3.5 < 3.5 485.0
17 1.70 0.75 < 3.5 < 3.5 < 3.5 4.5 447.3
18 1.70 1.001017.11009.21017.11009.2 509.9
19 1.70 1.25 < 3.5 < 3.5 < 3.5 3.7 542.2
20 1.70 1.50 < 3.5 < 3.5 < 3.5 < 3.5 454.3
21 2.30 0.50 < 3.5 < 3.5 < 3.5 < 3.5 456.0
22 2.30 0.75 < 3.5 < 3.5 < 3.5 < 3.5 533.9
23 .2.30 1.00 418.1 643.3 734.1 763.2 466.7
24 2.30 1.25 < 3.5 < 3.5 < 3.5 5.0 481.3
25 2.30 1.50 < 3.5 < 3.5 < 3.5 < 3.5 443.9
26 2.70 0.50 < 3.5 < 3.5 < 3.5 < 3.5 419.0
27 2.70 0.75 < 3.5 < 3.5 < 3.5 10.7 542.2
28 2.70 1.00 173.9 298.3 462.5 648.3 632.4
29 2.70 1.25 < 3.5 < 3.5 < 3.5 < 3.5 430.5
30 2.70 1.50 < 3.5 < 3.5 < 3.5 < 3.5 463.1
31 3.00 0.50 < 3.5 < 3.5 < 3.5 < 3.5 511.8
32 3.00 0.75 < 3.5 < 3.5 < 3.5 17.5 632.4
33 3.00 1.00 30.0 91.7 143.8 241.9 447.3
34 3.00 1.25 < 3.5 < 3.5 < 3.5 < 3.5 459.5
35 3.00 1.50 < 3.5 < 3.5 < 3.5 < 3.5 420.6
36 3.20 0.50 < 3.5 < 3.5 < 3.5 < 3.5 427.2
37 3.20 0.75 < 3.5 < 3.5 < 3.5 3.6 540.1
38 3.20 1.00 12.8 18.6 36.1 33.5 509.9
39 3.20 1.25 < 3.5 < 3.5 < 3.5 5.3 502.1
40 3.20 1.50 < 3.5 < 3.5 < 3.5 < 3.5 447.3